The aim of this study was to examine the effects of the natural flavonoid, quercetin, in a rat model of adenineinduced chronic kidney disease.
Background
Worldwide, chronic kidney disease is one of the most commonly diagnosed health problems and is a major cause of morbidity and mortality in patients with diabetes and hypertension [1] . Recent studies have shown that increased levels of fibroblast growth factor 23 (FGF23) in the serum and an increased urine protein-to-creatinine ratio are associated with the development of end-stage renal disease [1] [2] [3] [4] . FGF23 is a hormone that is a member of the fibroblast growth factor family that inhibits the formation of vitamin D, and is mainly secreted by osteoblasts and osteocytes in bone tissue and is involved in the excretion of inorganic phosphate by the kidneys [5, 6] . This activity of FGF23 is responsible for the maintenance of the inorganic phosphate levels and calcium ions in the body [5, 6] . Previously published studies have shown that the presence of FGF23, parathyroid hormone (PTH), and inorganic phosphate have a role in the development of chronic kidney disease, and with hypercalcemia, and hyperparathyroidism [7] [8] [9] . Increased urinary protein and reduced urinary creatinine are the characteristic features of chronic kidney and heart diseases [10] . Previously published studies have shown that inhibition of proteinuria can prevent renal damage, and a variety of approaches have been studied to inhibit proteinuria and improve renal functions in patients with chronic kidney disease [8] [9] [10] .
Several naturally derived agents have been used in Chinese herbal medicine, including flavonoids (or bioflavonoids), which form an important group of secondary plant metabolites. Quercetin is an important flavonoid that has been reported to exhibit several biological activities which include, but are not limited to, antioxidant, anti-diabetic and anti-inflammatory activities. Given the strong antioxidant activity of quercetin, the present study was designed to investigate the effect of quercetin in an established rat model of chronic kidney disease. The aim of this study was to examine the effects of the natural flavonoid, quercetin, in a rat model of adenine-induced chronic kidney disease.
Material and Methods

Chemicals and reagents
Quercetin and all other reagents were purchased from SigmaAldrich (St. Louis, MO, USA) and dissolved in dimethyl sulfoxide (DMSO) to prepare the stock solution.
Animal groups
Forty male Wistar rats were purchased from the Shanghai Laboratory Animal Center (Shanghai, China). The animals were kept in the animal facility under specific pathogen-free (SPF) conditions, with free access to food and water. All the experimental procedures involving the animals were performed with the approval of the Committee of Experimental Animal Administration of the Second Military Medical University Laboratory (Shanghai, China) (approval number: MUL067A/2017) and the all the animal procedures were carried out according to published guidelines [11] .
Development of animal model and treatment strategy
Forty male Wister rats were included in the study, 30 of which were given a 200 mg/kg dose of adenine through the intragastric route to produce rat model of adenine-induced chronic kidney disease. The 40 rats were divided into four groups: normal (untreated with adenine or quercetin) (n=10); untreated model (untreated with quercetin) (n=10); quercetin-treated model (5 mg/kg) (n=10); quercetin-treated model (10 mg/kg) (n=10). The rats in the 5 mg/kg and 10 mg/kg quercetin treatment groups were given daily doses of 5 mg/kg or 10 mg/kg quercetin for 21 days. Rats in the normal and untreated groups received the same volume of normal saline. On day 22 urine and blood samples were collected as described previously [12] , and the animals were euthanized using anesthesia with chloral, and the kidneys were removed for histological analysis.
Laboratory testing of renal function
The levels of creatinine and blood urea nitrogen (BUN) in the rat blood samples were examined using an automatic biochemistry analyzer, the Hitachi 7600-020/7170A (Hitachi High-Technologies Corp., Tokyo, Japan).
Biochemical examination
The blood samples obtained from the rats on day 22 of the study, and following treatment, underwent centrifugation for 15 min at 11,000×g. In the serum, levels of uric acid, calcium, and phosphorus ions, and parathyroid hormone (PTH) were determined using an auto-analyzer (Abbott, Chicago, IL, USA). Urine antioxidant capacity was evaluated using the Trolox equivalent antioxidant capacity (TEAC) assay, a method for measuring total antioxidant capacity (TAC). Commercial spectrophotometer analysis kits were used to measure lactate dehydrogenase (LDH) levels (bioMérieux, Marcy-l'Étoile, France) and superoxide dismutase (SOD) levels using the RANSOD method (RANDOX Laboratories Ltd., Co. Antrim, UK) according to the manufacturers' protocols. The urine samples of the rats were collected over 24 hours on day 22, and the samples underwent centrifugation, and then analyzed for the urine protein (mg/dL)-to-creatinine (mg/dL) ratios, obtained by dividing urine protein by urine creatinine at 24 hours, using standard protocols [13] . All analyses were performed in triplicate.
Enzyme-linked immunosorbent assay (ELISA)
The blood samples of the rats were collected after the completion of the treatment and centrifuged at 1200×g. The fibroblast growth factor 23 (FGF23) enzyme-linked immunosorbent assay (ELISA) kit (Immutopics, San Clemente, CA, USA) was used for the determination of the concentration of FGF23, according to the manufacturer's protocol, as previously described [14] .
Histological examination of the rat kidneys
The rat kidneys were removed on day 22 of the treatment. The kidneys were washed with phosphate-buffered saline (PBS), formalin-fixed, embedded in paraffin wax, and sectioned at 2 µm onto glass slides. Sections were de-waxed and stained with hematoxylin and eosin (H&E) for histological examination by light microscopy for the analysis of the renal damage.
Statistical analysis
Data were analyzed using SPSS software, version 12.0 (SPSS Inc., Chicago, IL, USA). All the assays were performed in triplicate, and the values were expressed as the mean ± standard deviation (SD). The differences between the different groups were analyzed by using one-way analysis of variance (ANOVA) with a post hoc Tukey's test for multiple comparisons. The values at P<0.01, P<0.001, and P<0.0001 were taken to indicate statistically significant differences.
Results
Quercetin reduced the levels of fibroblast growth factor 23 (FGF23), parathyroid hormone (PTH), and inorganic phosphate in the adenine-induced chronic kidney disease rat model Analysis of fibroblast growth factor 23 (FGF23) in the serum of rats in the model of adenine-induced chronic kidney disease showed significantly reduced levels of FGF23 when compared with normal rats, and the inhibitory effect on the levels of FGF23 in the serum of the rats was dose-dependent. Comparison of the findings of the model rats treated with quercetin (n=20) with non-treated model rats (n=10) showed reduced levels of FGF23 as follows: normal group (n=10), 19.6 pg/ml; untreated group (n=10), 73.6 pg/ml; quercetin-treated group (5 mg/kg) (n=10), 34.25 pg/ml; and quercetin-treated group (10 mg/kg) (n=10), 21.3 pg/ml. The inhibition of FGF23 was maximum at the higher dose of quercetin, of 10 mg/kg (Figure 1) . Rats in the model of adenine-induced chronic kidney disease showed significantly increased levels of parathyroid hormone (PTH) and inorganic phosphate compared with normal group, but treatment with quercetin reduced the concentration of both parathyroid hormone and inorganic phosphate in a concentration-dependent manner, with the concentration levels of parathyroid hormone and inorganic phosphate reduced significantly at a dose of 10 mg/kg of quercetin in the rat model of adenine-induced chronic kidney disease (Figure 1 ).
Quercetin reduced urine protein-to-creatinine ratios and urinary uric acid in the adenine-induced chronic kidney disease rat model
In the adenine-induced chronic kidney disease rat model, the urinary protein content was significantly increased, and creatinine was decreased when compared with the normal group of rats (n=10) (P<0.01). Quercetin treatment resulted in a significant reduction in the urine protein-to-creatinine ratios in adenine-induced chronic kidney disease rats (Figure 2) .
Comparison of the findings of the model rats treated with quercetin (n = 20) with non-treated model rats (n=10) showed urine protein (mg/dL)-to-creatinine (mg/dL) ratios as follows: normal group (n=10), 1,454±421; untreated group (n=10), 7,053±643; quercetin-treated group (5 mg/kg) (n=10), 4,953±542; and quercetin-treated group (10 mg/kg) (n=10), 1,534±376. The reduction in the urine protein-to-creatinine ratio was maximum at the higher dose of quercetin, of 10 mg/kg. The level of uric acid was also reduced significantly in the chronic kidney disease rat model following treatment with a 10 mg/kg dose of quercetin (Figure 2 ).
Quercetin reduced the creatinine and blood urea nitrogen (BUN) levels in the adenine-induced chronic kidney disease rat model
The creatinine and blood urea nitrogen (BUN) were significantly increased in the adenine-induced chronic kidney disease rat model. However, treatment of the rats in the model with quercetin at a dose of 5 mg/kg and 10 mg/kg resulted in a reduction in the levels of creatinine and blood urea nitrogen (BUN) (Figure 3 ).
Quercetin treatment increased the expression of serum lactate dehydrogenase (LDH), superoxide dismutase (SOD), and total antioxidant activity in the adenine-induced chronic kidney disease rat model As shown in Figure 4A and 4B, the rats in the adenine-induced chronic kidney disease rat model had inhibited total antioxidant activity. However, this effect was considerably, but not completely, restored by quercetin treatment at the two test doses of 5 mg/kg and 10 mg/kg. In the model rats treated with quercetin at the two doses, serum lactate dehydrogenase (LDH) and superoxide dismutase (SOD) activity in the urine were significantly increased. Concomitant administration with quercetin and adenine partially restored this effect ( Figure 4A, 4B) . Also, quercetin treatment increased the levels of interleukin (IL)-8 in the urine ( Figure 4C ).
Histologic changes in the kidneys of the normal rats and the adenine-induced chronic kidney disease rat model with and without treatment with quercetin
Histopathological examination of the rat kidney tissue showed changes in the renal tubules of the rats in the adenine-induced chronic kidney disease rat model, which showed swelling, and cystic renal tubule dilatation, with interstitial chronic inflammation inflammatory cells ( Figure 5 ). In the adenine-induced chronic kidney disease rat model, abnormal renal tubular and interstitial changes, including chronic inflammation, were apparent when compared with normal rat kidney. Treatment with quercetin of the rats in the chronic kidney model reduced the abnormal histopathological renal changes, including the chronic interstital inflammation ( Figure 5 ).
Discussion
The aim of this study was to examine the effects of the natural flavonoid, quercetin, in a rat model of adenine-induced chronic kidney disease. The findings showed that quercetin treatment in the rat model resulted in the prevention of proteinuria and improvement of the renal function, including dose-dependent inhibition of fibroblast growth factor 23 (FGF23) and parathyroid hormone, both of which play a vital role in the regulation of the levels of calcium and phosphorus in the kidneys [15] .
Previously published studies have shown that increased expression of FGF23 and parathyroid hormone levels in rat serum leads to the development and progression of chronic kidney disease [3, 16, 17] . In the present study, the chronic kidney disease rat model was developed by adenine administration to the rats through an intragastric route. The levels of FGF23, parathyroid hormone, and inorganic phosphate in the rat serum, following adenine administration, were found to be markedly increased. In this study, the administration of quercetin to the rats with chronic kidney disease caused a significant reduction in the expression of FGF23, parathyroid hormone and inorganic phosphate in the serum.
Quercetin treatment improved kidney function of the model rats by regulating the expression of FGF23, parathyroid hormone and inorganic phosphate. The chemotherapeutic agents used for treatment of renal disease and heart diseases exhibit their effects through the regulation of the protein-to-creatinine ratio [18] [19] [20] [21] . In patients with chronic kidney disease, the values of the protein-to-creatinine ratio have previously been shown to be markedly increased [21] . The findings of the present study showed a marked increase in the proteinto-creatinine ratio in the urine of the rat model of adenine-induced chronic kidney disease. However, quercetin treatment caused a significant reduction in the protein-to-creatinine ratio in the urine of the rat model, and the treatment of the rats with quercetin reduced the level of protein and increased the content of creatinine in the urine.
In this study, the adenine-induced chronic kidney disease associated increase in the levels of creatinine, blood urea nitrogen (BUN), and uric acid in the rat serum were reduced significantly on treatment with 5 mg/kg and 10 mg/kg doses of quercetin. Also, quercetin administration improved the level of total urine antioxidants, when compared with the untreated control group. Histopathological examination of the rat kidney tissues showed that the renal tubules of rats with chronic kidney disease showed both damage to the renal tubules and inflammation in the renal interstitium. However, treatment of the model rats with quercetin prevented renal tubular damage and chronic interstitial inflammation, findings that could be due to the antioxidant activity of quercetin, which has been previously reported [22] .
The results of the present study are supported by the findings from previously published studies, where quercetin has been reported to show some protective effects on renal injury in rats [23] . Also, quercetin has previously been reported to alleviate the cisplatin-induced oxidative stress in the rat kidneys [24] . These previously published studies, together with the findings of the present stud, indicate the protective effects of quercetin in chronic kidney disease rat models.
Conclusions
In a rat model of adenine-induced chronic kidney disease, treatment with quercetin improved renal function, reduced oxidative stress factors, reduced serum levels of fibroblast growth factor 23 (FGF23), and reduced renal inflammation and renal tubular damage. The findings of this preliminary study indicate that further studies are required to confirm these findings and to investigate the potential for the use of the natural flavonoid, quercetin, in the prevention and treatment of chronic kidney disease.
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